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ANALYSIS OF CARBON FIBER'S X-RAY MICROSCOPIC STRUCTURE

Yang Yuxing, Wang Jiarong, Liu Changlin,
Material Science and Engineering Department

Abstract

in this paper, we have used the X-ray diffraction
method (including the small angle scatter method) to
study the microscopic structure of four kinds of
carbon fibers. We include the measurement of inter-
layer distance Co for 9 'random-layer graphite," average
height Lt of layer surface stacks, average width Le of
layer surfaces, degree of orientation W1 12 , and carbon
fiber's average microscopic holes. We also propose a
calculation procedure for handling small angle
scattering.

Key Words: Carbon fiber, graphite, microscopic structure analysis, small
angle scattEring.

1. FOREVORD

The strictvure of commcnly encountered carbon fibers and graphite fibers

is ordinarily "randor-layer" structure [1]. It has both similarities and

_ssimilarities with graphi:t crystal. The similarities reside in thr fac"

that both structurEs' layer planes are composed of six-member aromatic rings.

The dissimilarities reside in the fact that in the former the carbon afoms

between the layers do no: have a regular, fixed position, and lack three-

dimensional order, while the distance between layers is greater than in

graphite crystals, reflecting tht facts that the average thickness Lc of

stacks of micro-crystal size on the layer surface and the average width [Q of

the layer surface are also v ry sma.I, and that the layer cace forms a certain

angle of orientation with the fiber axis. At the same time, in the "random-

layer graphite" structure, in addition to the macroscopic defects, there also

exists a very porous microscopic structure [2]. Because the structure of

carbon fiber is onc cf the "random-layer graphite" structures composed of

light-weight atoms that show a low degree of symmetry, even a high-resolution

Note in Original: This paper was received 24 October 1986.
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elect-on microscope is not sufficient to reveal the m-icroscopic structure's

characteristics accurately and effectively. By comparison, the penetration

strength of X rays is greater, the irradiated volume is larger, and the

statistical quality and reproducibility are better. This paper uses large and

small angle X-ray diffraction techniques for a systematic analysis of four

kinds of carbon fiber microstructure.

2. LARGE ANGLE X-RAY DIFFRACTION ANALYSIS OF CARBON FIBER

A. Measurement of Carbon Fiber Lattice Constant and Degree of Graphitization

Because carbon fiber is a kind of transitional-state carbon, it is

composed of amorphous carbon and thermodynamically stable crystal-state carhc:

(graphite). Th : basic structure of the most common transitional-state carbon

is "random-layer graphite" structure. The layer surfaces along the axis in
"random-layer grapihitE" can be stacked without ordec; there is no definite

orierntation (see Fic. 1). Therefore the X-ray diffraction spectra for

graphite crystals and carbon fiber

are obvioeisly different (Fig. 2).

In the spocrrc,, hr diffraction for

fac_ (002) is es eciallv intense,

with th, inter-face distance equal to

1/2 Je th carbmn fiber's lattice

constan. Becau2 iz -s

extraordinarily sensitive to charig-s

in structure, doui is often

considered as an indicator for the Fig. 1. Model of random-layer graphite

degree of graphitization; it can be structure. Key: (1) Carbon iiber
axis.

calculated from the diffraction angle

of,rne face (002) diffraction ray. At the same time, the layer face stacking

thickness 1& along the C axis can be measured from half the height and breadth

of the fact (002) diffraction ray. From half-breadth for the (10) or (ii) ray

is calculated layer plane's thickness La, the average thickness of stacks on

th, a axis direction. Based or, Scherrer's formula [3], we have:
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KAL,,- ,,os '/

iL which 5hhl is thE half breadth of

the c~ystal surface diffraction ray (M) (Sol)

after adjustment by tne Rowland

polarization factor, the atomic

scatter factor, and the absorption 13..

factor (hk ). In the case of carbon ( .1,,.

fiber, because the micro-crystal

scale is very small, the element of

broadening -aused by the instrument

may be excluded. A is the wave
length of the X-ray, 6 is th; ") 0

dffraction anlE , K is the for:

fa:tcr. When Easurirg L the value as 3o 4 0 o 6 0(

of K :s apprcxinatEiy 1 whr, Fig. 2. X-ray diffraction spectra for

measuring La, it is approximately graphite and carbon fiber.
a. Graphite; b. Carbon fiber processed'

1.77 [A' at 1200 0C.
Key: (1) Degrees.

Tabi> i shows th, data icr 7h,

f rv kindr :f carbcn fiber: th- "randoc-layer graphite" stack number (or

'..rc-crysta' sit ohtand b;- widl ancle X-ray diffractior, analysis is a

statistica2 a;'erage.

Th& higher thE hot prcssing temperature, the larger the micro-crystal

scae; the inter-layer distance is correspondingly reduced and approaches thE

ideal graphite crystal value, and the carbon layer structure regularity also

increases gradually [5]. In order to show the structural characteristics

possessed by these carbon fibers during the hot processing, as well as the

degree of graphitization, use is normally made of parameters such as d~oo2),

Le, Lx. The dioo 2 ) value for ideal graphite crystal is 0.3354 nm (3.354 A).

As the hot processing temperature rises, the carbon structure is gradually

transformed in the direction of graphite structure; its d(00 2 ) value obviously

decreases gradually, tending toward the ideal graphite crystal value. MairE

and :.fEring are of the opinion that carbon fiber is a composite of unordered
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random-layer stacks and ordered graphit; stacks; it may have the probability

of ideal graphite crystal structure defined as g. They propose the following

formula:

d,0,2 =O.3354g+O.S440(1-g) (crystal inter-layer distance unit is n-.)

When the value of q changes from 0 to 1, it shows there is a

transformati,n from a completely random-layer structure to an ideal graphite

crystal; that is, the greater the value of g, the higher the degree of

graphitization [61:
9 ! 0'. V44" . :(2)

For the value of g for the four kinds of carbon fiber, see Table 1.

Becaus< thc value c z fou. measured by X-ray diffraction is a

statistical average value for the entire carbon structure, the degree of

graphitzatic:-, is also a physical quantity having statistical significancr.

Ta, I. Dta for four kinds of carbon fiber.

dkooz,(nm) L,(zim) Le(nm), MW.a U)

Sh.tan"i "-1.61 -- ) V3.3

#2, Shangtar, 2500 0  0.3T 4.5"2 6.00 9.0

Japar, 1 300 0 C 0.360 1.62 , 4.34 1.

Jap~n , 250 oC 0.336 4.32 S.44 4.0

'F-caise the value calculated from formula (2) is an extremely
small negatlvc value, the results are clearly unbelievable; they
can or.ly show that the carbon fiber is in a state of uncertain
form.
Key: (1) Degrees; 2) Extremely low.

B. Measurement of the Degree of Orientation of Carbon Fiber

In the structure of random-layer graphite, the six-member aromatic-ring

network surface, composed of carbon atoms, forms an orientation of a certain

degree with the fiber axis. It can be obtained by measuring the relation
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betweern the diffraction intensity correspondirng to each (002) face for-:nr

different orientations with the fiber axis, and the orientation angle I

When we take the intensity as half the maximum, the corresponding orientation

angle less 900 (when the layer surface normal line is exactly perpendicular to

the fiber axis) is considered to be the degree of orientation, shown by W, 2

(or zO). It is clear that, when all layer surfaces are strictly parallel with

the filament axes, , z approaches 00. Figure 3(a) is an illustration of th'

degree of orientation; it is only one kind of corresponding comparative

method.

100

40

41 SO 60 70 so -0

Fic. 3. (a) m-lustratir. for angle of orientation; (b) Specimen cox.pU:.°i :f
carbr,. fiber. Vert:cal orientation of carbon fiber parallel sample.

Key: (1) Fiber axis; (2) Crystal c axis (3) Corresponding
intensity I(0); (4) Orientation angle in degrees; (5)
Aperture; (6) rotational axis; (7) Cbunter.

When this kind of measurement is undertaken on a diffraction instrument

provided with an inclined side installation, the experiment is simplicity

itself: For each change of orientation angle 0, a measurement is taken of
the dlffract:on peak of surface (002). Under these diffraction geometric
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conditions, it is not necessary to undertake absorption corrections for the

intensity [7]. Figure 3(b) is a sketch showing an inclined side instailatn

to measure the degree of orientation. The degree of orientation & .,

calculated froi the graph showing the relation between the intensity

corresponding to face (0021 and the orientation angle 1 (see Table 1); fOr PAN

base carbon fiber, after being graphitized at 25000, the graphite fiber degree

of orientation K! 2 has droppel to about 80.

3. SMALL ANGLE X-RAY SCATTER ANALYSIS OF CARBON FIBER

In addition to macroscopic defects in carbon fiber, there also appear

bezwee:. the layer surfaces of the "rando-layer graphite" many tiny openings

distrla uted along th_ axis 1.1. Fc: this reason, there exists a disii.' r-:

and fall in electron density between "random-layer graphite" and the openings-

this neccssarily leads t; the phenomenon of small angle scatter. Becaus, t0

holes in the carbon fiber arc distributed along the axis, these fiber-statE

hcles art sararatcd by the rando7-:ayer graphite sheets. Therefort, th, s:,.

angle scattr spectra scanned perpendicularly to the carbon fiber axis ar

alorz tQ axis a:, ; lcarly nct thi sari. Figures 4(a) and 4(b) ar

respEctively the perp~ndicularly and axially scanned small angle scatte-

graphs fr PA7 bas, carbon f."hers which have been put through a 25?nr

prucessag. Below, the Guinier approximation formula is used for analysis of

the smal: angle scatter intensity graph.

(1) We deduct parasitic scattering and backg-cund {P. TV origin of

the parasitic scattering is the purity of the incident spectrum, or the

scattering of the aperture, atmosphere, and other physical substances. When

using a counter to measure the intensity, it is necessary to use a wave filter

and a wave height analyzer, and on the basis of differences in the scatter

intensity when a specimen is present and absent to reduce the influence of the

parasitic scatter. Figures 4(a) and 4(b) are graphs showing the scatter

intensity after the removal of parasitic scatter. It can be seen that when 2

is greater than 30. the scatter intensity 1(2 B) along with 21 gradually

approaches a steady value (background intensity 1); as regards carbon fiber
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composed of "random-layer graphite." and microscopic holes, this kind of

background intensity is cainly a result of the unevenness in the interior Tr'

of the "random-layer graphite." As the graphitization becomes more nearly

complete, the scale of micro-crystals in the "random-layer graphite" gradually

increases" the six-member aromatic-ring network surface and the surface

arrangement tend to be more intact, and the background also decreases in

rropor-.. Obviously, Ih:- portion of the background is not part of th

contribution of the microscopic holes, and so should be discounted.

-1A_Ij

KIF- c. 4. Smnall anzIc scat tezr spectra scanned perpendicular to and along the

KEy: (1) Spc~r ')F:_*er axis, (3) Scanning direction.

212

2, Estimat-_Cr cf *,h, sc:alE of microscopic holes. When the distance

between t ;% hclesE~ in th, carlo:. fihers is relatively great, their mutual

s .attEr i mtlfE a fc t sctert may be ignored. Based on GuiniEr's approximatihn

formu a
(e-'"e b

7., . . i



in whic .. is the number cf microscopic holes, n is the number of electrons in

one hole, E is the small angle scatter angle, and RD is the radius of gyration

of the microscopic holes.

Substitut-ng logarithms in both sides of the above equation, we obtain:

lgI(e)=1g(M,) - 4,11 1l~a- RD'ehige (4)

Making a graph of lgI(Vc)-c 2 ,

we obtain the results on Fig. 5

and Fig. E. Figure 5 is obtainc. .

fr--,, vertical carbon fiber axis
scanning; it is basically a

straight line, showing that thz

- rc S .' hc adl, h- of

gyrvtion K'. a' -ca-i e's a constan::

fro, its slrp it is possible to

0 10 20( X 10-4 )(%Ilr)t

= 3P: Fig. 5. Graph of lgl( -t obtained f..
, scanning perpEndicuia-ly to thr- fAh..i

axis.

Rr, 3/- , A=0.416\- ( ' Key: (2 Intensity

Based or. referent- [2, wC already know that the holes in carbon fiV:

arc necd'L-for7:, and arc distributed in parallel along the axis. From the

;rinciple of srall angle scattering [8] we can determine that when scanning is

Lndertaken along perpendicularly to the direction of the fiber axis, the

diffraction geometry is as shown on Fig. 7. In this figure, So is the unit

deviation amcunt of the incident beam; S is the unit deviation of the scatter

ray: H is the reverse change deviation amount; T is the scanning direction.

BEcause of the horizontal Soller fissure effect, only the scatter rays

parallel with the plane determined by So and D can be received by the

ccrters. t is clear that the gyfation axes of the holes are perpendicular

t, th planK deter:ined by So and D, and parallel with the axis of the focal

t- t ,- p an-- det r,,-.ir-zd b t8



light source and with the fiber

axis. For this reason, when a

given thickness is chosen for dkr
$.1

and the surfacE area is the micro- -

section dV of Soo, the function

for the form contributed by the

entire hole to the centrali

diffraction peak is:I

S() =JS(RD)exp(-2Kil" RD)dRD F,

05 . 10-)

Here, R. is th- radius cf gyratio:. % N

of the micro-section; it is

pErp,,ndlcular to K. Bas-d on the Fig. 6. Graph of lgI-c 2 obtained froc

classical physical concept, we use scanning along the fiber axis.
Key: (1) Intensity.

thC fclloWinc relational formula

tc estimate the radius a cf the needle-form hole:

BE:a-sc Ri has no rElat:on with the length of the needle-form hOlE, thE

hole's radius a may bc calculated directly.

Ir ordEr to est:ate the length of the neidle-form hcle, it Is necessary

to use the scanning graph parallel to the fiber axis (Fig. 6). The

correspondinr; diffraction geometry principle is as shown in Fig. 8. Because

at this time the axis of gyration K is perpendicular to the axis of the

needle-form hole, based on the classical physical concept, we use the

following formula to calculate the hole's length (2L):

a' (8)

in which a is calculated from formula (7).

, • n n n m~nm il |mnllu 9



T:,

01

Fig. . D:ftracic:e. georezrr Fig. 8. Diffraction geometry wher. scann:.:
when scanning perpendicularly along the fiber axis.
to thz fiber axis. Key: (i) Gyration axis; (2) Needle-fcr
Key: (l Gyratioc. axis; 2) hoiE.
INeedle-f or. hcle.

The fact , -7. C ic a concave ri ing graph is explained by the

existence :1. the carb-n fiber cf needle-form holes having gyration radii on a

varletv 3f S-air. At -his t17, it is pcssibl to use employ Fankuchei's

grade-wise tangent rethod to estimate the range of their lengths. First a

tangent is drawn at the portiorn on thi graph of the greatest scatter ang!>,

interstctinc wit, the vertical coordinate at K ; the slope a, of the tancr-'.

is then found, and after that on the original graph the intensity value sh.wi.

at each point is reduced by the intensity value shown at the corresponding

point on the tangent. Another lgI(E)-E2 graph is obtained, whereupon the same

procedure is repeated. We proceed in this way by steps: Many a and Ki values

can be obtained. After they are substituted one by one into formulas (6) and

(8), it is a simplc matter to find their length (2L). Table 2 shows the scalc

of the holes on the four kinds of carbon fiber under consideration.
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Table 2bolfsnte eltngthkindsrefiusaiDothfibicsoscopic

Specimen:

#1, Shangtan, 1200C 1.3 , 2.O-p.0"

#2. Shang'ar, )2;0°0C 1.T 2. 5-T.0

#3, Japan, 1300°C 1.56 t 2--4.50

#4, Japan, >2500cC 1.8 .0-6.07

'Because of the limitations imposed by the scanning angle, holes

with a greater length ('L) cannot be measured.
Key: (1 Range of radrus a (nre; (2) Range of length 2L (nn);
(3) Apprcxlantely.

The experiment was conducted on a diffraction instrument equipped with a

Japanese Lixuz :%d 2203E5 small angle scatter installation. Because th'

s:-aflest scannino ar.;ie was about 0.15 , longer needle-form holes could no. bc

eas.1r, d.

In oider t avo:d errors that might be occasioned by our illustratior.s,

thE authcrs have prepared a flow chart (Fic. 9) based on the steps discussed

abovE. ThE flow char* not only can make the choice of a straight line model

cr a Ga, ss craph modc: on the basis of the size of the interrelated

coefficient, but it is a.so ahli to achieve regressive accuracy and sta!!e

parareters, making the entire calculation more elegant and accurate.

11
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Fig. 9. Calculaticr flciv chart.

Key:
(1) Ent'Er data.
(2) Cornver* zcig (7) Gauss graph modke .

(3) Sc2.-:e fct intErrEla-Ed (8) Find tangent forz-.ula, tangein'
coefficient P . Is P >0.95 slope ai , radius of gyration RD, arid
(4), LirnEar craph mrn)dE> tangent intersection K!.
(5) Find straight line slope a; (9) Reduce original intensity by
radius -f gyratilo F-,. tangent intensity.

(COutput. (10) Is Ki (2/3 thc origina.
intensity
(11) Output.

4. CONCLUSION

Based on the results of X-ray diffraction analysis, the microscopic

structure of carbon fiber can be summed up as follows:

Most carbon fibers belong to the "random-layer graphite" structure class.

Orn the laycr surface along the fiber axis there is irregular stacking.

Between eac*h, layer surface and the fiber axis there exists a certain degrc of

12



orientation. In "graphite random layers" there also exist small, needle-forr

holes, which are arranged along the axis. Their diameter is in the general

range of 1.0 nm to 2.0 nm, their length in the range from 2.0 to several nm.

As the hot processing temperature is raised, the degree of graphl'tization

rises, and the layer surface stacks in the "random-layer graphite" become

thicker (the value of Le and L- increase). Further, the regularity of the

structure increases, the inter-layer distance doo2) gradually approaches the

lattice constant (doo2)=0.3354 nm) of graphite, and the degree of orientation

is reduced. The scale of the fiber-state holes shows some increase, and the

anisotropy is apparent.
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